SUMMARY : When the guanine analogue, 5-amino-7-hydroxy-1-v-triazolo (D) pyrimidine (guanazolo), was sprayed on the leaves of tobacco or Nicotiana glutinosa plants it reduced the number of local lesions and delayed or inhibited systemic spread of lucerne mosaic virus. Guanazolo was more effective when applied before inoculation, but had some effect if applied up to about the second day after inoculation. The compound was more effective in solution in 0.1 yo sodium bicarbonate than in aqueous suspension. With mechanically inoculated plants guanazolo watered on the soil around the plants was less effective than when sprayed on the leaves. Incubated with the virus i n witro the compound did not affect infectivity. In concentrations up to c. 0.005~ guanazolo usually caused negligible plant damage, but a t higher concentrations produced a slight yellowing and distortion in the younger leaves with general stunting if treatments were prolonged.
tion. The compound was more effective in solution in 0.1 yo sodium bicarbonate than in aqueous suspension. With mechanically inoculated plants guanazolo watered on the soil around the plants was less effective than when sprayed on the leaves.
Incubated with the virus i n witro the compound did not affect infectivity. In concentrations up to c. 0.005~ guanazolo usually caused negligible plant damage, but a t higher concentrations produced a slight yellowing and distortion in the younger leaves with general stunting if treatments were prolonged.
The virus-inhibitory activity of guanazolo was reversed by adenine, guanine and possibly by hypoxanthine, but not by xanthine, uric acid, theobromine, theophylline, caffeine, uracil or thymine.
The triazolo analogue of adenine severely damaged plants and had only slight virus inhibitory activity. The hypoxanthine analogue caused no plant damage. It was less effective than guanazolo in tobacco and N. glutinosa but more effective in reducing the number of local lesions produced in beans. Thiouracil, methylthiouracil and propylthiouracil were ineffective against lucerne mosaic virus. Thiouracil caused fairly severe plant damage.
Guanazolo had slight or negligible effects on spotted Wilt virus in tomato, potato viruses X and Y in potato, and tobacco and pea mosaic virus in peas. Applied as a leaf spray a t 0 . 0 1~ concentration guanazolo delayed or prevented systemic movement of cucumber mosaic virus from mechanically inoculated cucumber leaves, but had no effect when watered on the soil. However, watering the compound on the soil gave some control when the virus was introduced by aphids.
The indirect measures at present used to control plant-virus diseases, such as eliminating sources of infection and developing resistant varieties, are for many diseases only partially effective. The development of compounds which delay or inhibit virus multiplication within the plant could form a basis for a more widely applicable method of control. A variety of compounds, mainly antibiotics, plant-growth substances and dyestuffs, has been tested for possible antivirus activity. Takahashi (1948), using a detached leaf technique, found that malachite green decreased the amount of tobacco mosaic virus produced in Nicotiana glutinosa leaf tissue. Stoddard (1947) stated that the virus causing X disease of peach could be inactivated in living peach buds by soaking buds in solutions of a variety of compounds, and that trees watered or injected with various compounds could be protected against disease. Limasset, Levieil & Sechet (1948) found that 2-methyl-4-chlorophenoxy acetic acid temporarily inhibited the development of potato viruses X and Y in tobacco.
Institute, Cambridge. Locke (1948) found that 2 : 4-dichlorophenoxyacetic acid masked the symptoms of leaf roll in a Netted Gem potato plant. He considered that the amount of active virus was also reduced. Kutsky & Rawlins (1950) found that napthalene acetic acid decreased the amount of tobacco mosaic virus in tobacco tissue culture. Manil (1947) and Beale & Jones (1951) failed to obtain any control of tobacco mosaic virus or potato yellow-dwarf with a range of antibiotics. Ryjkoff & Smirnova (1948) showed that the multiplication of tobacco mosaic virus was depressed when inoculated leaves of N . glutinosa were immersed in 0.1 % magnesium sulphate solution or when tobacco leaves were infiltrated with 0.05 yo trypaflavine solution. Thomas & Baker (1949), working with a mosaic disease in carnations, stated that virus activity was reduced when plants were treated with several compounds, including a number of sulphonamides. Kohler & Hauschild (1950) found that sodium sulphide, potassium hydroxide, potassium permanganate, and ascorbic acid had no effect on potato leaf roll. Nickell, Greenfield & Burkholder (1950) described the effects of various nucleic acid components and related compounds on virus tumours in Rumex, and Nickel1 (1951) showed that methylene blue, crystal violet and malachite green inhibited the growth of these tumours. Commoner & Mercer (1951) found that thiouracil inhibited multiplication of tobacco mosaic virus in tobacco leaf tissue.
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It is usually assumed and has been shown for one plant virus (Markham & Smith, K. M. 1949) that the nucleic acid of the virus nucleoprotein is necessary for infectivity. In considering the possibility that analogues of the nucleic acid bases might be effective against plant viruses, our attention was drawn to the work of Kidder, Dewey, Parks & Woodside (1949) on the effects of guanazolo and other substituted purines on the metabolism of Tetrahymena and on the development of malignant cells in mice. The present paper describes tests with a number of these substituted purines and three analogues of uracil against several plant viruses. Preliminary reports of some of these results have already appeared (Matthews, 1951 (Matthews, , 1952 . fig. 1 ) or solid necrotic local lesions after 3-6 days, followed by systemic vein-clearing and etched mottling with some necrosis. In N . glutinosa it distorts leaves and stunts growth, particularly in the early stages of systemic spread (Pl. 1, fig. 2 ). In beans the virus produces brown necrotic local lesions. In the variety of subterranean clover used the virus produces a severe disease leading to death of the plants.
MATERIALS AND METHODS

Plants
N . glutinosa plants were inoculated when c. 2-3 in. high with 3-4 expanded leaves; tobacco when it had two or three fairly well-expanded leaves and beans when the primary pair of leaves was fully developed. In each experiment plants were selected for uniformity of size and appearance. In placing plants in groups for treatments most of the remaining variation in size was kept within treatments. In all mechanical inoculations fine-grade carborundum powder was sprinkled on the leaves before inoculation. Unless otherwise noted dilutions of infective sap were made in distilled water and leaves were not washed after inoculation.
Compounds
5-amino-7-hydroxy-~-v-triazolo
2-aza adenine (given by Merck and Co.), thiouracil, 6-methylthiouracil and propylthiouracil (Fisher Scientific adenine, guanine, thymine, uracil, hypoxanthine, caffeine, xanthine and theophylline (Light and Co.), and uric acid and theobromine (British Drug Houses Ltd.). Purity of compounds. The purity of the compounds used in reversal experiments was tested by paper chromatography. Two solvents were used-that Reflex prints with no. 50 document paper were made of chromatograms under ultraviolet light with a Hanovia lamp and a filter as described by Markham & Smith, J. D. (1949) .
Adenine and guanine could be adequately separated by the tertiary butanol system. The first batch of commercial guanine used in reversal experiments was shown to contain about 23 % (determined by elution from chromatogram and estimation in a Beckman spectrophotometer) of a compound moving with the same Rf. as adenine. A second batch used in later experiments showed no evidence of such impurity. Resolution of hypoxanthine and adenine was not obtained with either solvent. However, since this work was completed the adenine and hypoxanthine samples used have been examined by the paper electrophoresis technique of Markham & Smith (1951) . While the adenine had no detectable impurities, the hypoxanthine preparation was shown to contain more than 5 0 % of adenine.
Treatments. Water-soluble compounds were applied in aqueous solution. Other compounds were applied as a suspension in water or were brought into solution by heating below 100' in 0.1 and 0-3 yo NaHCO, or in dilute hydro-(all given by the American Cyanamid Company);
R. E. F . Matthews chloric acid solution. (In Matthews
the concentration of NaHCO, was incorrectly stated to be 1.0 yo instead of 0-1 %.) All percentages of solids in solution are given on a WIV basis. In some experiments compounds were watered on the soil around the base of the plant, but in the majority they were sprayed evenly over the surface of all leaves, using a small hand atomizer .
Measurement of activity of compounds. Activity of compounds was assayed by counts of local lesions, by the number of plants developing systemic symptoms, and by the mean number of days taken to develop systemic symptoms. In most experiments 6-12 plants were used for each treatment. The plants showing systemic symptoms were counted daily; counts made more frequently would increase the subjective error involved in determining when a plant first shows symptoms. Experiments were usually carried on for several weeks until the plants became mature or pot bound. Daily observations of the number of systemically infected plants provided grouped data where the group interval was rather large in relation to the mean (at least for untreated plants). For this reason uniformity trials have so far failed to yield useful information on the form of the distribution of time taken for systemic symptoms to develop. Thus no test for the significance of differences in the data on systemic infections can be made a t present. To give an indication of the variation, in a uniformity trial in which fifteen groups of six untreated plants were inoculated with lucerne mosaic virus a t dilutions from 1/1 to 1/10,000, the mean number of days for systemic symptoms to appear in groups of six plants varied from 5.8 to 9.0.
RESULTS
Lucerne mosaic virus
Of the nine substituted purines tested only the triazolopyrimidine analogues of guanine, adenine and hypoxanthine had any effect on the development of lucerne mosaic virus infections. Table 1 summarizes a comparative test with these three compounds. Guanazolo was the most effective, except in beans, where only the hypoxanthine analogue reduced the number of local lesions. However, guanazolo a t 0 . 0 1~ caused a marked reduction in the size of the local lesions in beans compared with controls or the other treatments. I n tobacco and N . glutinosa the adenine analogue a t 0 . 0 1~ caused general stunting involving a virtual cessation of growth in the youngest apical leaves, accompanied by yellowing and some distortion and down-curling of leaves with some necrosis. Such damage began to appear 2-3 days after the first treatment, and plants took several weeks to regain normal growth after treatments ceased. The hypoxanthine analogue had no visible effect on plant growth. At 0 . 0 2 M guanazolo caused fairly marked stunting of plants and slight yellowing of leaves in N . glutinosa and tobacco. At 0 . 0 1~ this effect was much less severe, and below 0 . 0 0 5~ there was usually no detectable effect on growth. When growing conditions were good the damage produced by guanazolo up to about 0 . 0 1~ disappeared after a few days. P1. 1, fig. 3 , illustrates the effect of the three analogues on growth of N . glutinosa. In bean plants guanazolo caused more severe yellowing and stunting. Compozcndy. Guanazolo and the adenine analogue at 0 . 0 1~ were in solution in 0.1 yo NaHCO,, the other concentrations being prepared by dilution from this. Hypoxanthine analogue was in solution in water.
Times of treatment. Two sprays in the week before and two in the week after inoculation. Source of inoculum. Sap from infected tobacco diluted 1/100 for N. glutinosa and tobacco and 1/30 for beans.
PZant damage. Adenine analogue a t 0.01 M caused considerable necrotic damage on inoculated leaves and marked general stunting. Accurate local lesion counts were not possible a t this concentration.
At concentrations producing damage inoculation of several leaves after spray treatments increased the damage effects in non-inoculated leaves. This suggests that the wounding produced by carborundum inoculation allows a greater amount of the compound to enter the plant. To test whether guanazolo masked symptoms or prevented systemic movement of active virus, inoculation tests were made after several weeks from the symptomless treated plants in a number of experiments. In all cases local lesions were produced in tobacco only from plants showing systemic symptoms. In some experiments systemic symptoms were less severe in treated plants than in untreated, and acute early necrosis was absent. However, in one case a test for relative concentration of virus (measured by the number of local lesions produced in tobacco a t three dilutions) showed no significant difference between treated and untreated systemically infected plants 30 days after inoculation. I n one experiment none of six plants sprayed before and after inoculation developed any local or systemic symptoms; some inoculated leaves showed a few indefinite yellowish areas. Twenty-one days after inoculation tests for the presence of active virus in these six plants were made by inoculation to tobacco. For each plant, inoculations were made from young leaves and from inoculated leaves. Virus could not be detected in any of the young leaves, but the tests from inoculated leaves produced local lesions in three of the six plants. Since the viability in vitro of lucerne mosaic virus is about 2-3 days, it is unlikely that these lesions were caused by virus in the initial inoculum remaining on the surface of the leaf. It appears that the virus had multiplied locally to a limited extent without producing definite local lesions and without becoming systemic.
I n most experiments guanazolo treatments considerably decreased the number of local lesions. I n some the lesions produced in treated plants were all of the same type as those of the controls (i.e. etched rings or solid necrotic spots or a mixture of these types). I n other experiments a variable proportion of the local lesions produced in treated plants were much less necrotic than in the controls and graded into vague yellowish spots, which were usually few compared with necrotic or etched lesions. I n counting local lesions all lesions which showed any degree of etching or necrosis were included. I n addition to decreasing the number of visible local lesions, guanazolo sometimes delayed their appearance for several days.
Guanazolo was more effective in solution in NaHCO, than in suspension, and was usually more effective when applied before inoculation than after inoculation. It was ineffective if applied more than 1-2 days after inoculation ( Table 2 ). In general, guanzolo was more effective with more dilute inoculum. Leaf spraying was more effective than watering on the soil, at least when the virus is introduced by mechanical means (Table 3) . P1. 1, figs. 1 and 2, illustrate the effect of guanazolo treatment on lucerne mosaic infections.
Satisfactory levels of infections in control plants were not obtained when lucerne mosaic virus was transmitted to N . glutinosa and tobacco by aphids. However, in one experiment, using subterranean clover, spraying with guanazolo was ineffective against aphid-transmitted virus ; there was a suggestion that watering with the compound may have had some effect.
In a number of experiments in which infective sap was incubated with 1.0 and 0.1 yo guanazolo in suspension or in solution in NaHCO, for 2 b., and in which the leaves of test tobacco plants were either washed or left unwashed after inoculation, a significant effect on numbers of local lesions was not found. I n these experiments the amount of guanazolo entering the leaf from the inoculum must have been insufficient to affect the number of local lesions. A number of naturally occurring purines and two pyrimidines were tested for abilit,y to reverse the virus inhibitory activity of guanazolo. In such tests plants received two sprays with guanazolo and two sprays with the compound under test in the 4 days before inoculation, followed by two or three treatments with the test compound in the week after inoculation. The adenine, guanine and hypoxanthine preparations used annulled the activity of guanazolo, and xanthine, uric acid, theobromine, theophylline, caffeine, uracil and thymine had no effect. Guanine applied in aqueous suspension had no annulling activity, but had when applied as 0.1 yo or 0 . 0 1~ solution in dilute hydrochloric acid. However, a valid comparison cannot be niade between guanine and the other active compounds because of the plant damage produced by the acid solution. Table 4 summarizes a reversal experiment with adenine. The hypoxanthine preparation (which was later shown to contain between 50 and 60 yo of adenine) was more effective than adenine in annulling the activity of guanazolo. In some experiments this mixture increased the number of local lesions and rate of systemic spread above that of unsprayed controls. I n view of this greater activity it is possible that hypoxanthine itself has some annulling activity.
Of the 'three uracil analogues, tested at 0.01 M, only thiouracil had any effect. This compound caused marked yellowing of young leaves, curling down of leaf margins and virtual cessation of apical growth in N . glutinosa and tobacco (Pl. 1, fig. 4 ). This damage may well account, a t least in part, for the slight delay which occurred in the development of systemic symptoms of lucerne mosaic. Times of treatment. Before inoculation; two treatments, one on each of the two days before inoculation. After inoculation ; five treatments at the rate of three per week beginning the day after inoculation. Before and after inoculation; a combination of the above.
Source of inoculum. Infected N . glutinosa. on the 3rd and 1st days before, and 3 days in the week after inoculation.
Other viruses The substituted purines tested against lucerne mosaic virus had slight or negligible effects on spotted wilt virus in tomato, potato viruses X and Y in potato and tobacco and pea mosaic virus in peas (2-aza adenine and the uracil analogues were not tested against these viruses). However, with cucumber mosaic virus more encouraging results have been obtained.
Of nine substituted purines and three analogues of uracil tested guanazolo was the only compound which substantially inhibited the systemic development of cucumber mosaic virus in cucumbers. Treatment with the adenine analogue at 0.01 M caused marked stunting, yellowing and some distortion of leaves. New young growth began to appear 7-14 days after treatments. 2 : 6-diaminopurine caused almost complete cessation of growth, plants becoming very dark green and remaining almost the same size for many weeks after treatments stopped. Plants treated with thiouracil became stunted and yellowed after a few days. The delaying effects produced by 2 : 6-diaminopurine and the adenine analogue on the appearance of virus symptoms were probably due, a t least in part, to the marked effects these compounds had on plant growth. Treatments with 0.02 ~-guanazolo caused slight stunting, but in about a week plants grew away from this and made as good growth as untreated controls.
When the cucumber mosaic virus was introduced by mechanical inoculation, guanazolo sprayed on the leaves gave complete or almost complete control, but had no effect when watered on the soil. When the virus was introduced by Myxus persicae in controlled feeding experiments the compound appeared to have some effect when sprayed on the leaves or watered on the soil.
In other experiments treated and untreated cucumber plants, grown in seedling boxes, were exposed to infection by winged aphids. Boxes of plants were placed in randomized positions a short distance from a group of infected cucumber plants on which winged aphids were placed. I n an experiment in which Hyperomyxus Zactucae was the main aphid employed 69/95 control plants were infected after 48 days while 13/51 plants sprayed with 0 . 0 1~ guanazolo and 4/42 plants watered with guanazolo were infected. However, in another experiment in which large numbers of winged Myxus persicae were employed guanazolo had a much smaller effect (44/47 infected controls; 33/48 infections in plants watered with 0.01 M-guanazolo).
DISCUSSION
As methods for application of compounds, leaf spraying and soil watering have the following advantages over the detached leaf, leaf impregnation and tissue culture methods used by previous workers: (i) they are simple to operate; (ii) plant damage can be readily assessed; (iii) any successful results can be immediately tested on a field scale by the same methods; (iv) there is a minimum of interference with the whole growing plant. Disadvantages are: (i) comparatively large amounts of compounds are required for adequate testing; (ii) little is known about the absorption of compounds through leaves or roots; (iii) accurate control of conditions such as temperature and light is difficult.
The experiments described above show that guanazolo can inhibit the systemic invasion by lucerne mosaic virus of tobacco and Nicotiana glutinosa.
That this inhibition occurs within the plant and is not merely an inactivation of the virus on the leaf surface is shown by the following: (i) the compound had some effect when watered on the soil; (ii) incubation of the virus in infective sap failed to cause any detectable decrease in infectivity of the virus; (iii) applications of the compound beginning 24 hr. after inoculation had some effect. It seems likely that the compound has most or all of its effect in the inoculated leaves. In actively growing plants in which the virus became established systemically the compound did not prevent full systemic spread of the virus. The results of inoculation tests from young leaves of symptomless plants did not give any evidence that guanazolo masks systemic symptoms. For control of virus diseases it would usually not matter if a plant became infected at the point of entry, so long as the virus did not become systemic. For this reason, and because of the dubious value of local lesion counts as a quantitative measure, in judging the activities of compounds most weight has been placed on the effects on the systemic development of the virus.
Guanazolo probably has a t least three effects in inoculated leaves. First, where all the local lesions in treated and untreated plants were of the same necrotic type, there was almost certainly a decrease in the number of successful entry points. Secondly, the delay in the appearance of local lesions (even of the necrotic type) suggests a delay in multiplication of virus. Thirdly, there was a variable degree of masking of local lesions; for example, it was shown once that the virus had entered and multiplied locally in tobacco without producing any typical lesions.
Why the virus should infect and multiply locally in treated plants without subsequently becoming systemic is not clear. The fewer successful entry points in an inoculated leaf the more slowly the virus will move systemically. However, this effect is small compared with that produced by guanazolo. Guanazolo might delay the multiplication of virus inoculated into a cell, without necessarily limiting the final amount produced. This delay would probably mean a longer period before neighbouring cells became infected, and in these cells multiplication might again be delayed. Cell-by-cell movement of virus in the inoculated leaf might be delayed sufficiently for natural senescent changes in the leaf to occur and prevent systemic movement of the virus.
When sprayed on leaves guanazolo is probably most concentrated in the superficial cells of the inoculated leaf where mechanical damage allows increased amounts of the compound to enter. When virus does move out of the inoculated leaf, particles will be transported to cells in many parts of the plant where the compound is too dilute to be effective.
With mechanically transmitted cucumber mosaic virus spraying with 0.01 M-guanazolo gave complete or almost complete control with negligible effects on plant growth. Watering had no effect on development of infection in mechanically inoculated plants, but had some effect when the virus was introduced by aphids. When the compound is absorbed through the roots it is probably in highest concentration in the vascular tissue a t least for a time. This effect may account for the activity of watered guanazolo when the virus is transmitted by aphids.
Guanazolo inhibits growth of a variety of biological systems. Thus Roblin, Lampen, English, Cole & Vaughan (1945) found that the triazolo analogues of guanine, adenine and hypoxanthine inhibited growth of Bacterium coli and StaphyZococcus aureus. found guanazolo to be a potent inhibitor of growth of the micro-organism Tetrahymena geleii, and Kidder et al. (1949) found it inhibited the growth of malignant cells in mice. Growth inhibition by guanazolo has also been shown for virus tumours in Rumez (Nickell et aZ. 1950) , for fungi (Fries & Panders, 1951) and for algae (Arnow, Sampath, Oleson & Williams, 1952) .
For a number of the above systems it has been suggested that guanazolo interferes with the incorporation of guanine into nucleic acids. Similarly, the evidence so far obtained with lucerne mosaic virus suggests that guanazolo may act by blocking reactions involved in the incorporation of guanine and perhaps adenine into the virus nucleic acids. (Received 7 November 1952)
